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Abstract

Triplet states of carotenoids have been detected by X-band electron
paramagnetic resonsnce (EPR) and are reported here for the first time. The
systems in which carotencid triplets are observed include cells of photo-
synthetic bacteria, isolated bacteriochlorophyll-protein complexes, and
detergent micelles which contain B-carotene. It is well known that if
electron transfer is blocked following the initial acceptor in the bacterial
photochemical reaction center, back reaction of the primary radical pair
produces a bacteriochlorophyll dimer triplet. Previous optical studies
have shown that in reaction centers containing carotenoids the bacterio-
chlorophyll dimer triplet sensitizes the carotenoid triplet. We have
observed this carotenoid triplet state by EPR in reaction centers of

Rhodopseudomonas sphaeroides, Strain 2.4.1 (wild type), which contain the

carotenoid spheroidene. The zero field splitting parameters of the triplet

spectrum are : |D| = 0.0290 + 0.0005 cn”' and |E| = 0.0044 + 0.0006 cn” ',

in contrast with the parameters of the bacteriochlorophyll dimer triplet

1

which are |D| = 0.0189 + 0.0004 cm = and |E| = 0.0032 + 0.0004 em™!. Bacterio-

chlorophyll in a light harvesting protein complex from Rps. sphaeroides, wild

type, also sensitizes carotenoid triplet formation. In whole cells the EPR
spectra vary with temperature between 100°K and 10°K. Carotenoid triplets

also have been observed by EPR in whole cells of Rps. sphaeroides and cells

of Rhodospirillum rubrum which contain the carotenoid spirilloxanthin.

Attempts to observe the triplet state EPR spectrum of B<arotene in numerous
organic solvents failed. However, in nonionic detergent micelles and in

phospholipid bilayer vesicles B-carotene gives a triplet state spectrum
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with |D| = 0.0333 + 0.0010 cm” ' and |E| = 0.0037 + 0.0010 cm ™.



Introduction

The ubiquity of carotenoids in biological systems is matched in degree
by the magnitude of their functional importance. The primary photochemistry
in vision is initiated by the absorption of light by the carotenoid,
ret‘ina‘h1 The photosynthetic apparatus supplements its light-capturing
ability with carotenoid molecules functioning as antenna or light harvesting
pigments which transfer their energy to the reaction center where the primary
events of the photosynthetic process occur,z The role of carotenoids as
protective devices against irreversible photodestruction from singlet oxygen
is well known in photosynthetic bacteria, green plants, and a]gae°3 However
surprisingly Tittle is known about the excited state structure of this class
of molecules. Recent two photon and high resolution vibrational spectro-
scopic experiments have revealed low lying excited singlet states of linear
polyenes from which fluorescence occurs but into which absorption is

4,5

forbidden. These observations have challenged theoreticians to explain

the exact origin of these states, and numerous interpretations have been
offered6697
The triplet state manifold in carotenoid molecules is_even less
understood. This is due in part to the fact that direct population of the
triplet states of isolated carotenoids via singlet-triplet intersystem
crossing is not very efficient.g’g Only optical flash photolysis techniques
applied to photosensitized carotenoid systems have succeeded in populating

the triplet states of these mo?ecu]es,8“1o

and no electron paramagnetic
resonance (EPR) studies have been reported in the literature.

In the present work, we offer the first EPR observation of the triplet
states of carotenoids. The systems that we have studied include B-carotene

and numerous photosynthetic carotenoid pigments in vivo. In isolated



pigment protein complexes from photosynthetic bacteria, photosensitization
of the carotenoid triplet states by bacteriochlorophyll is accomplished.
Our motivatién for this study stems from the possibility that we observed

1

a carotenoid triplet state in green plant preparations previously, and

also from the abundance of literature on the optical detection of the
triplet states of carotenoids in photosynthetic preparationsejzsz
Our choice of sample conditions closely parallels that of these optical
experiments and is based on present knowledge about the structure and
properties of the bacterial photosynthetic apparatus.

The reaction centers of photosynthetic bacteria are known to contain
a primary donor consisting of a bacteriochlorophyll dimer (sometimes called
the "special pair"), an initial electron acceptor thought to be a bacterio-
pheophytin molecule, and a following electron acceptor comprised of a
guinone interacting with an iron atomg77 Another quinone acts as a secondary
acceptor. After absorption of light, the pr%mary donor is promoted to an
excited singlet state. The donor becomes oxidized and the acceptors reduced
in rapid sequence, i.e.

hv 1

% + -
BCh]z BPheo QAFeQB~=~=~a> BCh‘i2 BPheo QAFeQB**-%> BCh1 BPheo QAFeQB

2

—>  BCh1., BPheo Q, “FeQy—> BCh1 * BPheo QyFeQ”

2 2

At room temperature under ambient redox conditions, the charge on the
second quinone may then proceed to various secondary acceptors to iﬁitiate
the chemistry of bacterial photosynthesis. At low temperatures, this
chemistry is inhibited, and the reaction center remains in the charge

separated state for seconds before charge recombination occurs. Under



reducing conditions (-300 mV) or in reaction center preparations devoid

of quinones, the primary photochemistry is blocked, and the photoinduced
charge separated state of BCh12+ BPheo  undergoes a rapid back reaction

(~ 10 nsec). Not all of the reaction centers which back react in this
manner return directly to the ground state; many proceed via a triplet state

which develops on the BCM2 pair. The overall scheme is given as

1. #
BCh1, BPheo _

2
N ’EBCh12+Bpheo°] PANRN 3[86h12+BPheo']
hv - . &{//
BCh1, ‘BPheo
BChizBPheofa

At Tow temperatures the bacteriochlorophyll triplet yield is near unity.
At higher temperatures it is 1essa17
~ The above scheme applies to the photosynthetic bacteria which are

Jacking carotenoid pigments. In the carotenoid containing systems the
carotenoid triplet state is also involved in the sequence of back reactions
which can occur when photochemistry is blocked. Parson and Mcnger18 have

proposed that an equilibrium triplet energy exchange occurs between the

8Ch12 and the carotenoid which can be illustrated as follows:

‘3 &
BChl,, BPheo-Car

2
b \\] X
[BCh1, BPheo™]-Car ¢ [BCh1*BPheo™]-Car

hv ,,,,,,, | V{//

*
BCh1, BPheo - *car* ¢~ 3BCh1, BPheo-Car

BCh1..BPheo- Car

2
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The equilibrium has been suggested to shift towards the 38Ch72 at the low
temperatures. We have tested these ideas by examining the effect of
temperature and the state of reduction on the triplet state EPR spectra of

carotenoid-containing and carotenoidless photosynthetic bacteria.

Experimental Section

Photosynthetic bacteria were grown as described previously and stored

19,20

as frozen pastes at -20°C. Reaction center proteins of carotenoidless

mutant R-26 of Rhodopseudomonas sphaeroides were prepared according to
21 train 2.4.1,

Clayton and Wang. Reaction centers of wild type Rps. sphaeroides, / were

prepared in a similar manner.,22 Initial samples of the light harvesting

protein from wild type Rps. sphaeroides were a gift of R.J. Cogdell. The

protein was also prepared as described by Clayton and C]aytonaz3 All
biological samples contained 50% ethylene glycol. Untreated samples were
prepared at ambient redox potential. Reduced samples were treated with

0.02 M sodium dithionite and 1.0-107°

M methyl viologen in 0.025 M Tris-HCI
buffer, pH 8.0.

Triplet state EPR spectra were detected by light modulation at 33.5 or
11 Hz as described previous1y,19 Excitation from a 1000 w‘mercuryaxenon
d.c. arc lamp was filtered through 5 cm of water in a pyrex container and
focussed through the 75% transmitting grid of a Varian TMITO (E-238) micro-
wave cavity. Magnetic field modulation amplitude and frequency were 16 gauss
and 100 KHz respectively. Measurements at 10°K and 100°K utilized an Air
Products Helitron cryostat. Measurements at 160°K were made using a Varian
Associates nitrogen gas flow dewar.

Carotenoids were suspended in micelles by dropwise addition of 50 uL

of carotenoid solution in THF to 2 mL phosphate buffer containing 0.10 M



detergent. The non-ionic detergent IGEPAL-C0-630 (GAF) was used. The
detergent sé!ution was vigorously stirred and gently heated to remove
THF. Carotenoids were incorporated in phospholipid vesicles by injection
of a known volume of THF or ethanol solution containing both lipid and
carotenoid into rapidly vortexing buffer solution. Egg phosphatidy]l
choline was purified by published 'proceduresez4 R-carotene was obtained
from Sigma. The samples were purged of oxygen by bubbiing nitrogen

through the solutions for a few minutes before freezing.

Results

Reaction centers from Rps. sphaeroides wild type display a triplet

state spectrum at 160°K which is distinct from that observed in reaction

center preparations of the carotenoidless mutant, Rps. sphaeroides R-26

(Figure 1). The Rps. sphaeroides wild type triplet spectrum is charac-

terized by the zero-field splitting parameters, |D| = 0.0290 + 0.0005,
|E] = 0.0044 + 0.0006 and the polarization pattern eaa eea, where e denotes
a signal in emission and a denotes a signal in absorption. The Rps.
sphaeroides R-26 triplet state spectrum displays zero-field splitting
parameters, |D| = 0.0189 + 0.0004, |E| = 0.0032 + 0.0004 and the polariza-
tion pattern ace aae. The zero-field splitting parameters and the
polarization patterns of both spectra are invarient with temperature
down to 10°K.

The triplet state spectrum of the light harvesting protein isolated

from Rps. sphaeroides wild type is shown in Figure 2. Its polarization

pattern is eae aea, and its zero-field splitting parameters are |D| = 0.0326

+ 0.0007, |E| = 0.0036 + 0.0007. The features of this spectrum also do



not vary with temperature down to 10°K. The acetone-methanol extract of
this protein complex gave rise to a bacteriochlorophyll triplet state upon
illumination at the low temperatures. The former spectrum did not appear
after extraction.

Untreated whole cells of Rps. sphaeroides wild type display a marked

change in their triplet state spectra upon raising the temperature from
10°K to 100°K (Figure 3). At 10°K the spectrum has a |D| value of 0.0189
+ 0.0005, an |E| value of 0.0030 + 0.0005, a polarization pattern of aee aee,

and is identical to the triplet state spectrum of Rps. sphaeroides R-26

reaction centers or whole cells. At higher temperatures the lineshape is
transformed into a triplet spectrum described by |D| = 0.0323 + 0.0010,
|E] = 0.0033 + 0.0010 and a polarization pattern (e)ae aea and bears a

resemblance to the Rps. spaeroides light harvesting protein spectrum shown

in Figure 2.

Reduced whole cells of Rps. sphaeroides wild type also show a change in

their triplet state spectra upon raising the temperature from 10°K to 100°K
(Figure 4). At 10°K, hcwever,Athe spectrum appears to be a convolution of
two triplet signals which makes an accurate determination of the zero-
field splitting parameters difficult. At 100°K one triplet species is
observed with zero-field splitting parameters |D| = 0.0289 + 0.0010, |E]| =
0.0044 + 0.0010 and the polarization pattern eaa eea,

Also shown in Figure 4 is the triplet state spectrum of reduced cells

of Rps. sphaeroides R-26 taken at 10°K. Its polarization pattern and

zero-field splitting parameters are independent of temperature (between
160°K and 10°K). They are aee aae and |D| = 0.0189 + 0.0003, |E| = 0.0030
+ 0.0003, essentially identical to the corresponding values for reduced

reaction centers (Figure 1b).



Figure 5 shows the effect of temperature and reduction on the triplet

state spectrum of Rhodospirillum rubrum wild type. The untreated cells

display one triplet species at 100°K having the polarization pattern eae aea
and |D| = 0.0233 + 0.0007 and |E| = 0.0026 + 0.0007. This spectrum does not
change with temperature down to 10°K. The reduced cells exhibit one triplet
spectrum at 100°K which is characterized by zero-field splitting parameters
|D] = 0.0180 + 0.0004 and |E| = 0.0040 + 0.0004, and the polarization
pattern eaa eea. At 10°K the Tineshape becomes complex owing to the
presence of more than one triplet signal.

The triplet state spectrum of B-carotene in detergent micelles at
160°K is given in Figure 6. Its polarization pattern is eae aea and its
zero-field splitting parameters are |D| = 0.0333 + 0.0010 and |E| = 0.0037
+ 0.0010. The spectrum showed 1ittle change when the B-carotene was
suspended in phospholipid vesicles. We failed to observe the triplet state
spectrum of B-carotene dissolved in numerous organic solvents (e.g., 2-
methyltetrahydrofuran, hexane, EPA and cyclohexane).

We also recorded the triplet spectra and analyzed the effect of reduction
and temperature for the carotenoidless mutant Rsp. rubrum G-9, for Rps.

viridis, and for Rps. palustris. Only the Rps. palustris showed an effect

upon variation of these factors. These results and all of our experimental

findings are summarized in Table 1.

;ﬁscussion
The triplet state species that arises after illumination of cells on

reaction center preparations from the carotenoidless mutants Rps. sphaeroides

R-26 or Rsp. rubrum G-9 is known to be a bacteriochlorophyll dimer triplet

17

state Tocalized on the primary donor. Its aee aae polarization pattern

indicates that a charge Separatioﬂ/recombination process is involved in the
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25 Such a process for triplet state formation

mechanism of its formation.
is best understood in terms of the radical pair mechanism,zs According

to this mechanism, the system is initially prepared in an excited singlet
state. After one electron is transferred from a donor to an acceptor, a
change in spin correlation between the spins may result in significant
guantum mechanical mixing between the singlet and middle-energy high-field
triplet spin sublevel, TO“ The effect of this process is to distribute the
spin population of the triplet state heavily in favor of the TO level. If
the triplet state is then observed by EPR prior to spin lattice relaxation,

all T, to T,y transitions are in absorption and all T, to T_, transitions

0
are in emission. Hence, for systems where the zero-field splitting parameter,
D, is positive, the polarization pattern aece aae is observed. If D is
negative, one observes the inverted polarization pattern eaa eea.

The triplet state spectrum which we observed in the reaction centers of

the carotenoid-containing Rps. sphaeroides wild type (Figure la) is most

. Tikely due to the triplet state of the carotenoid, spheroidene, which is
known to be associated with the reaction center protein compiex,16 This
assignment is supported by the following arguments:

I. The spectrum shown in Figure 1a is not observed in the carotenoidless Rps.
sphaeroides R-26 species under a wide variety of preparative, redox and
temperature conditions (Table 1). This implies that it is not characteristic
of one of the other reaction center pigments. Four bacteriochlorophyll
molecules and two bacteriopheophytin molecules comprise the reaction center,

of the spectrum shown in Figure la
but, the zero-field splitting parameters/are well outside the range of those
expected for bacteriochlorophyll or bacteriopheophytin monomers or aggre-
gates.25

II. The polarization pattern of the triplet in Figure la is eaa eea.

This means that the triplet is either directly involved in or closely
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coupled to an electron transfer process. The latter possibility has been
discussed for this bacterium by Monger, Cogdell and Parson,m They concluded
from extensive optical experimentation on this species that the carotenoid
triplet was formed by energy transfer from the BCh12 triplet state. If the
energy transfer from the donor triplet to the acceptor triplet occurs on

a time scale which is fast compared to spin lattice relaxation, the acceptor
triplet spectrum may also display a radical pair polarization pattern.
Indeed, the BCh12 polarization pattern is aee aae and the observed triplet

is eaa eea. The difference between these patterns may then be accounted for
if the D value of the energy acceptor (carotenoid) is opposite that of the
BCh12 and energy transfer occurs from the TO level of BChl2 to the TO Tevel
of the acceptor. Alternatively, if the D values of both BCh12 and acceptor
have the same sign and the energy transfer proceeds from the TO level of

the BChTZ to the T+1 levels of the acceptor, the observed polarization
pattern would aisomée found. ,

I1I. Our observations of a temperature dependence of the triplet
signals from reduced cells of ng, sphaeroides wild type show that the BCh?Z
triplet state signal amplitudes increase relative to the triplet in Figure la
as the temperature is lowered (Figure 4). Precisely the same effect using
optical techniques was reported by Cogdell, Monger and EZ'arsc)rL,nJl3 Their
findings were that the carotenoid triplet yield was near 100% at room
temperature, somewhat Tower at 77°K and effectively replaced by the formation
of the BChT2 triplet below 77°K. Figure 4 shows that at 100°K one triplet
species (presumable a carotenoid) dominates the spectrum. As the temperature

is lowered to 10°K the BChTZ triplet signals are evident (compare 4b and 4c).

The fact that all preceding triplet state EPR investigations of Rps.
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sphaeroides wild type were carried out at temperatures below 10°K explains
why the carotenoid triplet state was not reported until this time.

Figure 3 shows that untreated cells of Rps. sphaeroides wild type

display a dramatic change in their triplet state spectrum with temperature.
At 10°K the predominant triplet signal belongs to the BChTZ species. Because
the forward photochemistry is not blocked at the iron quinone acceptor, the
triplet signals are substantially smaller than when the photochemistry is
inhibited by chemical reduction (Figure 4). Also, large free radical

signals appear in the central region of the spectrum indicating that radical
formation and decay is occurring at a freguency comparable to our chopping
rate. The 100°K triplet state spectrum (Figure 3a) is also quite weak, but
noticeably different from both the 10°K spectrum of the untreated cells

(Figure 3b) and the 100°K spectrum of the reduced Rps. sphaeroides wild

type cells (Figure 4a). We believe that the triplet state spectrum of

Figure 3a belongs to a carotenoid species which acts as a trap outside the
reaction center. To test the plausibility of this assignment we examined

the light-induced triplet state spectrum of a 1ight harvesting protein complex

prepared from Rps. sphaeroides wild type (Figure 2). The light harvesting

complex is known to contain three bacteriochlorophyll molecules and one
carotenoid mo?ecu?e%0°§% is also known that the carotenoid molecule sensitizes
the bacteriochlorophyll f?uorescence,26 The spectrum of intact protein

complex matches nicely that of the untreated Rps. sphaeroides wild type at

100°K . Also, the polarization pattern observed for these triplet species is
eae aea, which indicates that a charge separation/recombination process is
not involved in the mechanism for triplet formation. Because the extracted
pigment solution exhibits only bacterioéh?orophyi? monomer triplet state

signals, it appears that the carotenoid molecular triplet state is sensitized
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by the bacteriochlorophyll triplet. Generation of the carotenoid triplet
state in the intact complex by selective excitation of the bacteriochlorophyll
{(ny 545 nm) showed this to be the case. In the untreated cells the triplet
excitation is trapped in the antenna presumably because on the time scale

of our experiment (determined by our chopper speed to be 30-100 msec) the
reaction center remains closed, i.e. the primary donor is oxidized. Monger,
Codgell and Parson,using optical techniques, found carotenoid triplet states

in the antenna of Rps. sphaeroides wild type under the same experimental

conditions (i.e. when the photosynthetic apparatus was oversaturated with
light). 14

Figure 5 shows the results of studies of Rps. rubrum wild type, where
the same interpretation as given above seems likely; namely, that in the
untreated cells of Rps. rubrum wild type a carotenoid triplet lying outside
the reaction center is excited owing to the closure of the reaction center
trap during the light modulated experimental sampling time. This assign-
ment is supported by the fact that the polarization pattern for this triplet
is eae aea (i.e. not radical pair polarized). Reduction of the cells,
however, Teads to the observation of a completely different triplet state
at the higher temperature which is polarized eaa eea (radical pair polarized)
reflecting its ability to trap excitation from the BCh‘I2 special pair. The
spectrum of the reduced cells at lower temperatures shows a convolution of

two triplet states, one of which clearly belongs to the BChl the other

29
being residual signals from the carotenoid system.

It is interesting to note the trends in the magnitudes of the zero-
field splitting parameters of the triplets assigned'to the carotenoids. The

carotenoid in the reaction center of Rps. sphaeroides wild type has a signifi-

cantly larger |D| value than the reaction center carotenoid from Rsp. rubrum
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wild type. Thin layer chromatographyﬁs of pigments from Rsp. rubrum cells
grown in our laboratory revealed only one carotenoid, identified as spirillo-

xanthine27 Reaction centers of Rps. sphaeroides wild type contain only

Spheroidene,16 The observed differences in the ID! values may be understood
in terms of the extent of electron delocalization within the carotenoid
molecules. Spirilloxanthin contains a chain of thirteen conjugated carbon-
carbon double bonds, whereas spheroidene contains only ten. The lesser
extent of delocalization in the spheroidene molecule could lead to increased
dipolar interaction between the unpaired electrons in the triplet state of
this system, and hence a larger |D| value. Because cells of Rsp. rubrum
wild type contain only one carotenoid species, we might expect the |D|
parameter to remain the same in both the reaction center and antenna systems.
This is not the case (Table 1). The reaction center carotenoid [D| value

is significantly smaller than that of the antenna carotenoid, suggesting that
environmental or conformational effects may be impo%tant in this analysis.

Rps. sphaeroides triplets show the same trend. More studies on the triplet

states of carotenoids explaining the effects of conjugation and environment
on the zero-field splitting parameters must be done before further discussion
can be made.

The final system to be discussed is the triplet state of RB-carotene in
micelles. Despite numerous attempts to view the triplet state in organic
solvents by EPR, we were unable to detect the triplet state of B-carotene in
these media. It is well known that the excitation of the triplet state of
B-carotene via singlet-triplet intersystem crossing is not a highly favored
process°8’9 As previously mentioned most successful attempts to see the

triplet state of B-carotene have been through the use of triplet sensitizers

in solution along with the B-carotene and using flash photolysis techniques.
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The structure of the g-carotene molecule may be such that photochemical
or vibrational (radiationless) relaxation competes even at 77°K with the
singlet-triplet intersystem crossing process. Only when these modes of
relaxation are made less probable can the intersystem crossing process
respond favorably. Incorporation of the g-carotene in micelles or vesicles
allows this to occur. Similar effects have been observed for the triplet
states of various aromatic hydrocarbonsg28
It is known that B-carotene is a component of green plant reaction
center preparations°29 Because of the similarity between the B-carotene
triplet state spectrum presented here and that observed in green plant
preparations and published pr‘e\n'()us‘lg/;11 we conclude that the triplet
state viewed in these preparations is likely to be that of g-carotene. This
same triplet state was also observed in green plant preparations using
optical detection of magnetic resonance techﬂiquesn30
This new method of detecting carotenoid triplet states can now be used

to probe the structure and function of carotenoids not only in photosynthetic

systems but in other carotenoid-containing biological samples as well.
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Figure Captions

1. (a) Rps. sphaeroides wild type reaction center, triplet state spectrum

taken with the following conditions: temperature, 160 K; receiver gain,
505 microwave power, 5 mW; Tight modulation frequency, 33Hz; sweep time,
1 hour; recorder time constant, 30 sec.

(b) Rps. sphaeroides R-26 reaction center,triplet state spectrum. The

conditions are the same as in (a) except: receiver gain, 32; sweep time,
8 min; recorder time constant, 3 sec.

Rps. sphaeroides wild type light harvesting protein, triplet state spectrum.

Experimental conditions were: temperature, 160°K; receiver gain, 63;
microwave power, 5 mW; light modulation frequency, 11 Hz; sweep time,
1 hour; recorder time constant, 30 sec.

Rps. sphaeroides wild type untreated whole cells, triplet state spectra

taken with the following conditions: receiver gain, 25; microwave power,
1 mW; 1ight modulation frequency, 33 Hz; sweep time, 30 min; recorder time
constant, 30 sec; temperature, (a) 100°K, (b) 10°K.

(a) Rps. sphaeroides wild type reduced whole cells, triplet state spectrum

taken with the following conditions: vreceiver gain, 80; microwave power,
1 mW; Tight modulation frequency, 33 Hz; sweep time, 8 min; recorder
time constant, 10 sec; temperature, 100°K.

(b) Rps. sphaeroides wild type reduced whole cells,triplet state spectrum

taken with the experimental conditions of (a) except: receiver gain, 63;
sweep time, 16 min; temperature, 10°K.

(c) Rps. sphaeroides R-26 reduced whole cells, triplet state spectrum

taken with the experimental conditions of (b).
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Rsp. rubrum wild type,triplet state spectra of (a) untreated cells. The
spectrum was taken with the following conditions: temperature, 10°K;
receiver gain, 125; microwave power, 1 mW; light modulation frequency,
33 Hz; sweep time, 16 min; recorder time constant, 10 sec. (b) Reduced
cells. The spectrum was taken with the experimental conditions of (a)
except: temperature, 100°K; receiver gain, 20; sweep time, 8 min;
recorder time constant, 3 sec. {(c) Reduced cells. The spectrum was
taken with the ekperimentaT conditions of (a) except, receiver gain, 25.
B-Carotene in micelles,triplet state spectrum taken with the following
conditions: temperature, 160°K; receiver gain, 200; microwave power,

5 mW; Tight modulation frequency, 11 Hz; sweep time, 30 min; recorder time

constant, 30 sec.



Table 1. Zero-field splitting parameters, polarization patterns and assignments of the observed triplet states.
[D] and |E| are given in cm=1 units.
Polarization Triplet
Sample Temp. (K) {D] e Pattern Assignment
Rhodopseudomonas sphaeroides wild type
Reduced reaction centers 160,100,110  .0290+.0005  .0044+.0006 eaa eea Reaction center carotenoid
Light harvesting protein (LHP) 160,100,10  .0326+.0007  .0036+.0007 eae aesa [ight harvesting carotenoid
LHP pigment extract 160 .0220+.0005 .0053+.0005 eea eaa Bacteriochlorophyll monomer
Reduced cells 100 .0289+.0010  .0044+.0010 weaa eea  Reaction center carotenoid
10 - convoluted RC carotenoid and BChi2
Untreated cells 100 .0323+.0010  .0033+.0010 eae aea Light harvesting carotenoid
10 .0189+.0005  .0030+.0005 aee aae BChlj
Rhodopseudomonas sphaeroides R-26
Reduced reaction centers 160,100,10  .0189+.0004  .0032+.0004 aee aae BChl,
Reduced cells 100,10 .0189+.0003  .0030+.0003 aee aae  B(Chlo
Untreated cells 100,10  .0189+.0003  .0030+.0003 aee ase BChljp
Rhodospirillum rubrum wild type
Reduced cells 100 .0180+.0004  .0040+.0004 eaa eea Reaction center carotenoid
10 convoluted RC carotenoid and BChls
Untreated cells 100,10  .0233+.0007  .0026+.0007 weae aea Light harvesting carotenoid
Rhodospiriilum rubrum G-9
Reduced cells 100,100 .0192+.0004  .0033+.00048 =aee aae BChl,
Untreated cells 100,10  .0192+.0004  .0033+.0004 aee aae BChlp
Rhodopseudomonas viridis
Reduced cells 100,10 .0154+.0003  .0036+.0003 aee aae BChlp
Untreated cells 100,10  .0154+.0004  .0036+.0004 aee aae  BChl,
Rhodopseudomonas palustris
Reduced cells 100,10  .0190+.0005  .0034+.0005 aee aae BChl,
Untreated cells 100 convoluted LH carotenoid and BChl,
10 .0190+.0005  .0034+.0005 aee aae Bcn]Z
B-carotene
in micelles 160 .0333+.0010  .0037+.0010 eae aea B-carotene
- 1n vesicles 160 .0331+.0010  .0037+.0010 eae aea R-carotene
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